The two most common forest vegetation management objectives are to (1) minimize resource competition, and (2) to develop methods for managing specifi c weed species. This paper reviews relevant models and decision support systems for assisting in achieving these objectives. The aim of reducing resource competition is to increase crop-tree growth and survival. Several modelling approaches have been applied to this problem and these generally estimate crop survival and growth benefi ts following some form of generalized weed control. Linkages with models of older tree crops are needed for comparing vegetation management strategies in the context of complete silvicultural regimes. More refi ned individual tree models use competition indices to estimate the quantity of weed vegetation within the growing space around each tree. The indices refl ect resource use by the weeds and are sensitive to changes in weed growth over time and to the application of specifi c vegetation management treatments. Hybrid and process-based models have the potential to provide more generalized models of inter-specifi c competition, but their usefulness for forest practitioners has yet to be proven. Some forest vegetation management problems require a more detailed understanding of the biology and ecology of a specifi c species. In this case, different modelling approaches that consider overall weed population dynamics, distribution or spread may be appropriate.
Introduction
Probably the most common reason for practising forest vegetation management is to improve crop tree survival and growth rates by channelling limited site resources into the crop rather than associated non-commercial species ( Walstad and Kuch, 1987 ) . However, there are also many other reasons for vegetation management such as modifi cation of the seedlings' thermal environment ( Menzies and Chavasse, 1982 ) , for fi re prevention or reduction of fi re hazard ( Burrows et al ., 1989 ) , and to improve stand access for tending operations such as pruning and thinning ( Balneaves, 1981 ; Zabkiewicz and Balneaves, 1984 ) . Vegetation management is also sometimes carried out to prevent the spread of weeds from plantation forests into other sensitive areas ( Burrows, et al ., 1989 ) , to prevent the development of future problems from invasive species, or to protect rare or endangered species.
Most vegetation management research has focused on development of treatments to exclude vegetation from stands, often using herbicides, cultivation treatments or fi re. These intensive practices are most commonly employed in plantation forests where the predominant goal is achieving a satisfactory level of profi tability within specifi c environmental and social constraints. In other words, vegetation management decisions are being driven by the need to maximize productivity at minimum treatment cost. From a commercial perspective it is always necessary to balance the costs and benefi ts of alternative treatment regimes (sequences of treatments). Vegetation management decisions are amongst the most important a manager will make during a stand rotation as they can have a marked effect on future crop survival and productivity Wagner et al ., 2005 ). Yet, with so many different situations (crop species, weed species, site types, stand histories) and treatment options (different herbicides, mechanical options, biological control, and timing of application of these techniques), decisionmaking is a complex process. For this reason there has been considerable effort over the last 20 years to improve decision support systems in forest vegetation management.
The purpose of this paper is to review the development of vegetation management decision support systems with a focus on models to predict the effects of non-crop vegetation and weed control treatments on tree growth and survival. The basic management issue addressed by these models is the cost -benefi t of applying different vegetation management treatments. Methods are also discussed for presenting this information in formats that forest managers fi nd useful.
The derivation of all decision support systems, including mathematical models, is based on underlying assumptions about the system or processes being described. Interference between trees and weeds can take a number of forms ( Radosevich and Holt, 1984 ) . The simpler modelling approaches described below do not discriminate between the various types of interactions or the underlying biology of the interspecifi c interactions. They are simply curves fi tted to tree growth data, usually comparing tree growth with or without a weed control treatment. Nevertheless, the fi tted growth curves should still refl ect the sigmoidal trajectory of tree growth. With this simple approach to modelling interactions between trees and weeds, there is also a need to undertake and model experiments that effectively replicate important management options. For example, experiments are needed to defi ne critical periods of weed control so that the timing and duration of weed control treatments can be optimized ( Wagner, 2000 ) .
With the more detailed modelling approaches described below, such as using competition indices or process models, assumptions about the mechanisms of interaction between trees and weeds have a more direct bearing on the modelling approach. The key underlying assumption is that interference between trees and weeds is mediated through competition for site resources (water, light and nutrients) ( Goldberg, 1996 ) . The growth and succession of non-crop vegetation in relation to crop tree development has a direct bearing on the level of competition for specifi c resources. Therefore the models must capture the dynamics of tree and weed growth and succession, resource avail ability and resource partitioning between the crop and weeds. This more detailed modelling approach inherently addresses issues such as the defi nition of critical periods of control.
Traditional modelling approaches

Growth and yield
Growth and yield models routinely used by forest managers generally lack sensitivity to vegetation management treatments. They are built using sigmoidal difference equations ( Clutter, 1963 ; Garcia, 1984 ; Woollons and Wood, 1992 ) with most parameters estimated using growth interval data from permanent sample plots, and often one parameter that is defi ned by the measurements of the crop at the beginning of a simulation when an equation is used. The resulting families of equations cannot be used from time of planting, because the starting crop condition does not adequately defi ne the expected behaviour of the crop on any specifi c site. In fact, starting simulations with these models in the years immediately following planting often results in bias because they are very sensitive to initial conditions and to factors other than site quality, such as the occurrence of out-of-season frosts that can profoundly affect survival and growth of newly planted seedlings ( Chavasse, 1980 ; Mason et al. , 1997a ; Mason, 2001 ) .
Managers often require estimates of tree sizes during a simulation, and too often scientists report only mean stand statistics as estimates of effects of vegetation management. Even worse are reports of percentage gains, and managers are left wondering whether or not these percentage gains can simply be applied to existing yield tables. In fact they cannot be reliably so employed ( Mason et al. , 1997b ; Mason and Milne, 1999 ) . Methol (2001) presented a comprehensive comparison of ways of estimating future size class distributions of trees in stands, and the challenge is to implement these methods when estimating effects of vegetation management.
In addition to effects on crop dimensions, there is some evidence that establishment treatments including vegetation management can affect wood quality ( Harris, 1977 ; Watt et al. , 2005 ) , and if these effects prove to be signifi cant, then managers may wish them to be represented in models as well ( Cown et al. , 1991 ) .
Predicting responses of juvenile trees to vegetation management
Modelling ' initial ' or ' juvenile ' tree survival and growth has grown to include vegetation management on a regional basis since the fi rst attempts by Payandeh (1987) and Belli ( Belli, 1987 ; Belli and Ek, 1988 ).
An ' Initial Growth Model ' (IGM) built from repeated measurements in site preparation experiments Mason, 2001 ) represents radiata pine stocking, mean height, height distribution, basal area per hectare, and diameter at breast height distribution for the fi rst 5 years after planting. Independent variables for this model include quality of tree stock handling, tree stock ground-line diameter after planting, initial stocking, altitude, weed control, ripping, mounding and fertilizing with diammonium phosphate. Equations used to represent height or basal area per hectare are of the exponential family, and the following equation has been found to fi t initial growth of other species ( McKay and Mason, 2001 ) :
where Y T = estimate of variable Y at time T , T = time in years, and α and β are estimated parameters. Estimated parameters are linearly related to site, site preparation and seedling quality effects.
Other approaches to modelling the effect of vegetation management treatments on early tree growth and survival include the one by Knowe (1994) , who fi tted height-age and height -diameter models to data from plantations of Douglasfi r with a range of vegetation management treatments. Data were collected from six sites over 10 years. Schneider et al. (1998) developed logistic regression equations to predict the probability of Douglas-fi r and ponderosa pine survival over three growing seasons and in relation to a range of treatments that included vegetation management. Knowe et al. (2005) used data from 84 permanent sample plots to model the effect of competing hardwoods on distributions of Douglas-fi r plantations in north-western United States. A percentile approach was used for fi tting the distributions. Simulations provided guidelines for managers about the extent of hardwood control required to effect a change in distributions. The approach relied on long-term data, and, although it did not include specifi c use of site resources by hardwoods, it was a useful local model.
Extrapolating from estimates of effects of weeds on juvenile crops
In many cases, managers will wish to extrapolate from IGM estimates. Estimating effects of, for example, weed control up to age 5 years does not allow a full evaluation of the fi nancial worth of the control (e.g. Glass, 1985 ) . Research on extrapolation of IGM estimates and on rotation-length effects of site preparation treatments has produced the following general guidelines for using IGMs ( Mason, 1997 ; Mason et al ., 1997b ; Woollons et al. , 1998 ; Mason and Milne, 1999 ) .
• Estimates of time gain owing to a treatment are more useful than those of yield gain unless yield gains are measured over entire rotations • Following vegetation management treatments, trajectories of treated and untreated stands often take parallel paths (with no further increase in time gain after an initial period of gain). In New Zealand, most recorded instances of gain from weed control have followed this response, although in some circumstances other types of response have been noted ( Richardson, 1993 ) . In instances where weeds can occupy the canopies of maturing crops, the response can be divergent throughout the rotation • Growth and yield models that represent older crops most often fail to predict outcomes of establishment practices if estimates from IGMs are used as inputs. Data from permanent sample plots located in a variety of stands are used to estimate parameters of growth and yield models. If establishment treatments (such as cultivation, fertilizing or weed control) are relatively consistent in the stands where the permanent sample plots are located, and if these treatments are selected for the IGM simulation, then research suggests that the yields estimated at harvest are likely to be relatively unbiased. However, it is more often the case that simulated treatments in the IGM differ from those practised in the stands where permanent sample plots are located leading to biased estimates • Use of a mechanistic carbon balance model for simulation of rotation-length effects has shown promising results in one study ( Mason, 2005 ) .
There are specifi c advantages and disadvantages of incorporating effects of weed control into general growth and yield models. Models of this kind provide a reasonable representation of the effect of weed control treatments contained within the database used to build the model. As such, the models will provide a measure of the benefi t from the commonly applied treatments in a region. However, the disadvantage is that they do not usually incorporate information on the dynamics of the interaction between trees and weeds on a particular site. This information is required for more detailed site-specifi c analyses of effects on tree growth of different vegetation management regimes (sequences of treatments through time).
Competition indices
One way of incorporating weed effects into tree growth models is to measure competition indices (CIs) that characterize the degree to which the growing space around a focal crop tree is occupied by neighbouring plants ( Burton, 1993 ) . Many authors have developed effective individual-tree CIs for conifers that explain much of the variation in tree growth response (e.g. Howard and Newton, 1984 ; Brand, 1986 ; Chan and Walstad, 1987 ; Firbank and Watkinson, 1987 ; Rejmanek and Messina, 1989 ; Tome and Burkhart, 1989 ; DeLong, 1991 ; Harrington et al. , 1991 ; Morris and Forslund, 1991 ; Morris and MacDonald, 1991 ; Wagner and Radosevich, 1991 , 1998 ; Burton, 1993 ; Comeau et al. , 1993 ; Richardson et al. , 1999 ) . Typically, the CIs have used terms describing weed abundance in a fi xed (or sometimes variable) neighbourhood, the proximity of individual weeds to the crop, and relative height of the weeds compared with the focal tree ( Burton, 1993 ) . Wagner and Radosevich (1991 , 1998 ) presented what was probably the most thorough analysis of alternative CIs. They found that a simple index of cover and weed height relative to tree height were adequate for explaining the effects of competitors on tree growth. Variables to describe the spatial distribution of competitors within the neighbourhood of crop trees were of limited value.
According to Burton (1993) , one of the greatest problems with many of these indices is that they are static, i.e. they are based on a single set of measurements made at one point in time. There is no explicit consideration of seasonal changes or differences in growth trajectories for crop and non-crop species ( DeLong, 1991 ; Burton, 1993 ).
There appears to be a general consensus that ideally CIs should:
• Be easy to measure or assess using rapid, simple, and repeatable techniques • Explain a large amount of variation in crop growth responses • Be dynamic by accounting for changes in future growth of crop and non-crop species • Correlate with the resource or resources mediating the interspecifi c competition.
The ideas of Burton (1993) were extended by developing a modelling framework, based on CIs, that allows simulation of the simultaneous growth of both crop and non-crop plants ( Richardson et al ., 1996 ( Richardson et al ., , 1999 . A trial to investigate the mechanism of radiata pine growth suppression by some common forest weed species was reported by Richardson et al . (1999) . Results indicated that on moist, fertile sites, typical of forests around Rotorua, New Zealand, tall, fast-growing weed species reduced radiata pine growth by restricting light availability to tree crowns. Data from this experiment were used to model the effect on radiata pine growth of a simple shade competition index, relative height, the height of the surrounding weeds divided by the tree height ( Kimberley and Richardson, 2001 ) . It was found that the effect of the index on diameter growth did not vary with season, but differed among the weed species, and also did not remain constant over time, but increased with age. To adequately predict the effect of weed competition on diameter growth, it was therefore necessary to include weed species terms and an age term in the index. It was reasoned that a simple index, taking account only of relative height, was insuffi cient to eliminate the need for these terms, and that an index incorporating some measures of weed abundance was required. More detailed measurements of weed abundance and proximity to individual trees enabled a variety of additional competition indices to be tested ( Richardson et al ., 1999 ) . The best CI combined measures of weed height relative to tree height and weed abundance. This index had all of the characteristics of an ideal CI as described above. A model incorporating this CI was found to predict the reduction in diameter growth caused by weed competition well, regardless of weed species or age.
In both models described above, the CI was converted into a competition modifi er, m , that equals one when there is no competition (i.e. when the CI equals zero), and which tends to zero when the CI is high. An appropriate form for m was found to be:
where CI is the competition index, and m 1 and m 2 are model parameters. Implementation of these models required competition-free growth functions for tree height and diameter. Richardson et al. (1999) used a simple power curve to model weed-free diameter growth:
where D is diameter at time t , and a and b are model coeffi cients. The authors acknowledged that a power function is not a biologically realistic model because eventually growth rates must be constrained. More recently conventional growth models have also been used with the competition modifi er . Nevertheless, the power function proved suitable for the early growth period of 3 years covered in this study. The derivative of this equation was expressed as a function of D :
The diameter growth rate for trees under competition was predicted in each step by multiplying the above derivative by the competition modifi er, m . The model was fi tted using annual growth steps. This approach is similar in concept to that described by Harrington et al. (1991) , except that the competition modifi er used by Richardson et al. (1999) allows for greater fl exibility. This modelling approach assumes that tree growth rate following weed removal is immediately the same as the growth of a weed-free tree of the same size. While this assumption may not always be valid, the fact that the model fi ts the data reasonably well suggests that any errors introduced by the assumption are not major.
Importance of seasonal patterns of growth
An issue that arises when modelling early growth concerns the treatment of seasonal growth trends . The strong seasonal growth patterns that generally occur for both weeds and young trees may cause signifi cant seasonal variation in CI values, and it is logical that a model taking account of this will be superior to one that does not ( DeLong, 1991 ) . However, any benefi ts have to be balanced against the increased complexity of incorporating seasonal effects. The weed-free growth curve in the model developed by Richardson et al. (1999) was fi tted using annual measurements and therefore did not incorporate seasonal patterns. As the competition modifi er operated on the derivative of weed-free diameter growth expressed as a function of diameter (as opposed to age), simply incorporating a seasonal pattern into the weed-free growth curve of this model, would result in an inappropriate shift of the pattern in the predicted growth under competition. Kimberley and Richardson (2004) generalized the weed competition model discussed above using standard sigmoidal growth functions. Weed and tree height were best modelled by a Weibull function, and tree diameter by a Schumacher equation. Seasonal fl uctuations in both tree and weed growth were adequately modelled by a single term Fourier series. Simulations undertaken with the seasonal model demonstrated that the early pattern of weed and P. radiata growth is clearly of great importance in determining whether the trees get a head start over the weeds or not. Therefore it appears that some method of accounting for the seasonal pattern of growth is required for simulations beginning at, or very soon after tree planting, because these effects are substantial during the fi rst few critical months of growth. This critical period where seasonal growth patterns are important may well be greater with crop trees that are slower growing than P. radiata in the Central North Island of New Zealand.
Model implementation
Models provide one means for calculating tradeoffs between the intensity of weed control treatments and effects on tree growth. The modelling approach described by Kimberley and Richardson (2004) and Richardson et al. (1999) have been implemented in a decision support tool called VMAN (Vegetation Manager). VMAN contains models of weed-free tree growth, weed growth and weed response to vegetation management treatments. It allows for easy calibration of growth models to any real data for specifi c site types. VMAN also includes a simple economic model so that the cost -benefi t of single treatments or treatment regimes can be evaluated. Costbenefi t is calculated based on the time gained from the treatment. The time gain is the difference in time it takes for treated trees and untreated control trees to reach the same target volume. Treatment changes in present value (PV) are determined as the sum of the compounded annual fi xed costs ( C ) and future value of the stand (FV) over the period of the time gain ( S ) less the cost of the spray operations as 
where C i is the cost of each spray operation, r is the discount rate, T i is the time of the spray operation and R is the rotation length. VMAN clearly demonstrates the sensitivity to competition of the early growth patterns of trees and weeds. This sensitivity represents one of the fundamental diffi culties of modelling weed competition . Slight variations in the early growth patterns of either weeds or trees, can result in substantial changes in subsequent competition. The sensitivity of tree growth to such variations can be explored using VMAN, but relating the results to a particular stand at establishment may be diffi cult. Therefore, as with most decision support tools, it is best used as an aid to otherwise knowledgeable managers.
Process-based and hybrid models
CI-based modelling approaches have a number of benefi ts but also have inherent weaknesses. One of the main strengths of CIs is their relative simplicity and ability to integrate complex processes. Key weaknesses are the requirement for a weedfree tree growth curve, although this is a basic requirement for any modelling approach, and the need to calibrate the CI to different site types. The latter point is particularly important when comparing responses on sites where resource availability differs. For example, a CI that represents cover or leaf area will have a large effect on tree growth on a dry site independent of how the leaf area is distributed. However, the effect of the CI will be greatest if the leaf area is also restricting light availability to tree crowns. On a moist site the effect of the same CI will only be large if the leaf area is distributed so it shades the crop tree crown. In other words, the relative importance of different resource limitations in the competition process will vary by site, time, and by competitor species. Process and hybrid models offer one way to overcome these limitations.
One of the distinguishing characteristics of process-based tree growth models is that growth is modelled through a carbon balance approach, which involves determination of carbon assimilation and its allocation to the constituent parts of the tree. In the context of weed competition modelling the main advantage of processbased models over previously described techniques is that they provide a framework to accurately determine resource use by weeds, over a range of site conditions. However, to date these models have seldom been used as practical tools in forest management as they include too many uncertainties and often require values for a large number of parameters that are diffi cult to obtain ( Mäkelä et al. , 2000 ) . Recently there has been some interest in applying process-based models to management applications, using simplifi ed relationships developed from more detailed models ( Landsberg and Waring, 1997 ) .
Most hybrid models contain both mechanistic and empirical elements. Although these models may take many forms most incorporate a mechanistic description of environmental infl uences into an empirical growth and yield model ( Battaglia and Sands, 1998 ) . Through combining the best elements of process-based and empirical models in this manner, hybrid models incorporate increased biological realism and general applicability over traditional empirical growth models, yet they reduce the number of parameters required ( Mäkelä et al. , 2000 ) . When used for modelling the infl uence of weeds on tree growth, hybrid models may have the additional advantage of being able to account for the long-term response of weed control, as they are sensitive to the changing infl uence of weeds on resource use. These models have considerable potential in management-based applications especially if they can be developed in close collaboration with intended users, are simple to operate, and use readily available data ( Sands et al ., 2000 ) .
Development of well-formulated hybrid or process-based models requires knowledge of the mechanisms of interaction between trees and weeds, and the subsequent infl uence of these interactions on crop growth. During recent years much research has focused on the mechanisms of interspecifi c competition within both agroforestry and forestry systems. Models of water balance have been constructed and validated for monocultures with herbaceous grass species ( Porteous et al ., 1994 ) , and mixed-species systems including trees growing with either herbaceous (Yunusa et al ., 1995) or woody species (Richardson et al ., 2002; Watt et al ., 2003) . Considerable effort has been also devoted to partitioning measured radiation interception within mixed crop agroforestry systems (for review see, Black and Ong, 2000 ) . However, as the spatial and temporal variation in radiation interception is much greater in mixed communities than in monocultures there has been limited progress in the development of radiative transfer models which can partition radiation interception between mixed crop elements.
Despite these recent advances in our understanding of interactions within mixed species systems we are only aware of one hybrid growth model that is sensitive to competition from weeds. Watt et al. (2004) extended work by Richardson (2001 , 2004 ) to predict tree growth by reducing potential growth from an empirically determined optimum rate for the site (weed-free) using a seasonally estimated competition modifi er which accounts for the degree of weed competition for both light and water. The competition modifi er for water was based on estimates of root-zone water storage made using a sub-model for water balance. The overall model was applied successfully at both wet and dryland sites, and has considerable potential as a management tool given its low data requirements, general applicability and capability for spatial integration ( Watt et al ., 2004 ). An important element of this model is the empirically determined weed-free growth curve, which constrains growth predictions for a given site within realistic bounds. Parameterization of this model could be further simplifi ed if a simple process-based model of weed-free tree growth, driven from readily obtainable meteorological data was developed.
Predicting rotation-length effects
In rotation-length modelling substantial improvements in model precision have been demonstrated when empirical stand projection equations are augmented with climatic and edaphic variables ( Woollons et al ., , 1998 . Despite the simplicity and possible utility of this approach, this technique has not yet been applied widely to models incorporating weed competition effects.
Models with explicit representations of resource use such as the 3-PG model ( Landsberg and Waring, 1997 ) are logical choices for representing rotation-length effects of site management practices. This model has recently been used to illuminate reasons for an observed 25-year response to site preparation ( Mason, 2005 ) . Such models have many parameters, however, and Mason's application required a fi t to existing, site-specifi c tree stem measurements in order to be useful. Part of the problem is excessive complication, leading to a plethora of parameters, and the model can often be fi tted to the same data in different ways. In addition, such models are recursive, with events in preceding months determining important starting values for simulations in subsequent months. This recursiveness can lead to accumulation of errors.
One way of applying strengths of traditional growth and yield modelling to models that explicitly represent resource use would be to:
1 Use sigmoidal difference equations as usual in growth and yield modelling at a stand level, and build compatible stand, tree and distribution models 2 Replace the times in years in these models with either temperature sum or accumulated used global radiation. Used radiation could be estimated by:
• a model of, or local estimates of, leaf area index • local measurements of global radiation • similar quantum effi ciency modifi ers to those employed in the 3-PG model (temperature, soil water balance, relative humidity and fertility)
3 Estimate the genetic components of seasonal variations in primary and secondary growth, and apply these as weights in estimates of used radiation sum, so that the sums at any given time used for height or diameter models differ 4 Apply climatic variables as well as stocking and radiation sum estimates to the mortality model.
Advantages of the system include estimations of coeffi cients from long intervals in permanent sample plots (a critical aspect of traditional methods), use of recent advances in physiology, and potential wide-scale applicability with minimal local parameterization.
Future issues for process model developments
An important consideration in model development is how to explicitly incorporate estimates of light interception by the tree canopy into the model. Many studies on wet sites have shown that light is a key growth-limiting resource for light-demanding crop species ( Brand, 1986 ; Comeau et al ., 1993 ; Richardson et al ., 1999 ) . Explicitly including canopy light interception in weed competition models is likely to improve growth estimates particularly for tree species which have an intermediate to high requirement for light. Estimating competition for light by weeds may range from applying simple competition indices Richardson, 2001 , 2004 ) through to use of a radiative transfer model which partitions radiation interception by trees and weeds from estimates of leaf area and canopy architecture.
Although the radiation conversion effi ciency model has been widely used in mature stands ( Byrne et al. , 1986 ; McMurtrie et al ., 1994 ; Landsberg and Hingston, 1996 ) it has yet to be tested as an effective means of modelling the infl uence of weed competition on juvenile tree growth. This model utilizes the linear relationship between cumulatively intercepted photosynthetically active radiation ( Σ Q i ) and annual cumulative dry matter production ( G ), fi rst identifi ed by Monteith (1977) . The slope (conversion effi ciency, ) of this line is then reduced by physiologically based multipliers for various limiting factors, such as root-zone water defi cit ( f θ ), nitrogen availability ( f N ), air temperature ( f T ) and vapour pressure defi cit ( f D ) to determine dry matter production. Application of this model to weed competition modelling will require estimates of Q i , obtained from a discontinuous canopy sub-model, which partitions intercepted radiation by trees and weeds. Previous research shows that a water balance model is likely to be an effective means of estimating the physiological modifi er for water competition ( Watt et al. , 2003 ( Watt et al. , , 2004 . Although vapour pressure defi cit and temperature data are readily available, functions ( f T , f D ) which relate these to growth, will need to be obtained either from physiologically based forms in the literature ( Landsberg and Waring, 1997 ; Walcroft et al., 1997 ) or through fi tting the model to the data (e.g. Landsberg and Hingston, 1996 ) . Determining values for the nitrogen modifi er ( f N ) may be challenging as the amount of nutrients accumulated and released by weeds varies considerably, depending on a range of factors including rates of biomass accumulation and decomposition, species diversity, stand age and site management practices ( Nambiar and Sands, 1993 ) .
Vegetation management models for alternative objectives
The interspecifi c competition models discussed above have been derived primarily from within the production forestry context. This is refl ected in the focus upon the crop tree or stand as the focal modelling unit, and tree size variables as the state variables of interest. However, there are a number of other modelling paradigms that are applicable to managing weeds in a forestry context.
Defi ning weed potential distributions
There are many packages that have been developed to project the potential distribution of plants and poikilothermal animals (Hirzel et al ., 2001; Kriticos and Randall, 2001) . Most of these packages are designed to infer the climatic requirements of a species based on its known distribution, and then apply those climatic requirements to a climate database to estimate the climatic suitability for each station in the database. Whilst these models have been applied successfully to insect pests of forestry (Wharton and Kriticos, 2004) , and crop, pasture and environmental weeds (Kriticos and Randall, 2001; Walden et al ., 2003; Kriticos et al ., 2003a; Kriticos et al ., 2003b; Kriticos et al ., 2004a ) these models have not been applied widely in forestry situations. Models of the potential distribution of invasive species allow a forest manager to make decisions about what level of threat a weed might pose to each forest stand within their portfolio. The synoptic view of the invasion afforded by such models can assist forest industry groups to consider collective action to address weed management issues, by considering objective estimates of the potential distribution and relative abundance of weeds.
Dispersion and dispersal models
There is increasing interest in the weed invasion threat posed by forest crops and weeds as environmental weeds. For example, the Working for Water programme in South Africa is having to control acacias and eucalypts that are invading from commercial forestry operations, and Australian and New Zealand conservation managers are having to deal with so-called wilding pines that have spread from forest plots onto adjacent land. Knowing the rate of spread of weeds from forests onto adjacent lands could assist both foresters and weed managers to understand what land is under threat, and what weed control resources would be necessary to contain an invasion from forest land. The models to address these problems are likely to include spatially explicit dispersal simulation models.
Population dynamics models
Process-based population dynamics models show great promise for assisting in the management of forest weeds in several areas. These models track the development survival and reproduction of cohorts or individuals in a population in response to environmental factors such as temperature and rainfall. Models of the population dynamics of the weed can be used to undertake sensitivity and elasticity analyses, which can prioritize each weed lifestage for control based upon the projected effect on the overall population dynamics of the weed. This information can also be used to prioritize guilds of insects or pathogens for inclusion in biological control programmes, depending upon the likelihood of signifi cant effects should the agent establish successfully and become suitably abundant (McEvoy and Coombs, 1999; Kriticos, 2003) .
Population dynamics models can be used to explore the interactions between biological agents and cultural control methods such as fi re and herbicide with a view to avoiding wasted resources and interference between weed control methods (Kriticos et al ., 2004b) . It is also feasible to develop a tree -weed competition model, and use it to assess the likely effects of different forms of biological control upon the competition function. To achieve success in a replanting situation it is not necessary to infl ict lethal damage to the weed. A logical extension of current approaches for modelling interspecifi c competition for site resources would be integration of resource competition and population dynamics models. To date, this integration has only been attempted at a very superfi cial level in the VMAN modelling system described previously. Consequently, there is much scope for improving the rigour and general applicability of this approach.
Application of vegetation management models by forest managers
Vegetation management can have many objectives and is an important component of overall forest management, particularly through the stand-establishment phase. In many cases vegetation management aims to maximize forest productivity for minimum costs but increasingly other environmental factors are becoming important. The latter is being driven in part through environmental certifi cation. It is clearly no longer good enough to simply rely on the assumption that weed control treatments provide a positive cost-benefi t. It is critical that treatments, whether they are based on herbicides or alternatives, are applied to the minimum extent necessary to optimize the various management objectives. Optimizing treatments requires site-specifi c knowledge and the ability to model responses to different treatment options, intensities and regimes. Traditional empirical models, even those based on long-term data, do not have the fl exibility to deal with these issues. The importance of the new modelling approaches to forest managers is demonstrated by their ongoing funding for projects described above.
The fi rst two modelling approaches that describe the effects of weeds on tree growth and discussed earlier in this paper have been implemented using specialist decision support software. The software allows prediction of either generalized responses to typical weed control treatments or the evaluation of growth responses to more detailed treatment regimes. The information generated by these systems is of undoubted value to managers. However, the value of the software as a form of technology transfer is open to question because these systems have not become widely used by the forest industry even though they were developed in close consultation with industry managers. This lack of use of specialist models is in contrast to the extremely wide use of models to predict overall growth and yield and pruning and thinning regimes. Stock and Rauscher (1996) pointed out that a problem with decision support systems in general is that few are actually used. They identifi ed a number of requirements for decision support systems, including:
• friendly user interfaces • include users in the development and design process • clear need • portability between geographic regions • graphical output and spatial representation • integration of knowledge across agency/ academic boundaries.
The existing decision support tools appear to meet most of these criteria. One possible reason for the relative low rate of adoption may simply be a refl ection on the expectation of scientists. In reality, information from these systems is being used in everyday forest management. The systems have provided an increased understanding of responses to typical and alternative management options. Sensitivity analyses have also indicated key factors or thresholds in responses. When these generalizations are reported to forest managers they are rapidly implemented. In some cases, technical foresters undertake their own sensitivity analyses and implement the results as management guidelines rather than implementing the actual modelling system (P. Stevens, CHH Forests, personal communication). With these factors in mind, the focus of scientists should arguably be on developing models that increase overall knowledge of systems, processes and responses. Then the challenge is to communicate this new information in ways that it becomes available to forest managers. Future forest management models are likely to embody a more causal approach as climatic data required to run these models becomes increasingly available, and practitioners realize that output from hybrid models most closely matches their requirements. Whether a more detailed representation of competition processes in models will be implemented at the management level remains to be seen. However, such models will undoubtedly improve our understanding of processes and our ability to predict likely crop growth responses to different weed types and weed control regimes at different sites types.
